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CHAPTER 1: DRY MATTER AND NUTRIENT ACCUMULATION IN 
CORN HYBRIDS FROM THE 1960’S TO 2000’S 
Literature Review 
Iowa corn yield from 1960 to 2008 increased an average of 122 kg ha
-1 
yr
-1 
(USDA-NASS, 2008), yet, maximum yield per plant, under non-stress conditions, has not 
increased (Duvick et al., 2004; Tollenaar and Lee, 2002). When planted under non-
stressful conditions created by extremely low stand densities, hybrid differences were not 
attributed to year of hybrid introduction (Duvick, 1997). At low stand densities, 
maximum yield per plant is achieved, indicating that there is not necessarily a 
relationship between high yield per area and high individual plant yield (Duvick et al. 
2004).  
Duvick (2005) established that yield gains were achieved from both management 
practices as well as genetic advancements, with the later contributing a slightly larger 
amount. Tollenaar and Lee (2002) suggest that an interaction between genetics and 
management practices is very likely the cause of this yield increase. This would seem 
logical because planting populations for commercial maize hybrids have steadily 
increased year after year.  
As planting populations increase, plants must tolerate increased moisture stress, 
increased plant to plant shading and other stresses associated with more plants per unit 
area (Duvick et. al, 2004). Ultimately, an increased level of stress tolerance in modern 
hybrids and their ability to utilize the available resources under stress is the underlying 
reason for yield gains (Duvick, 1997; Tollenaar and Wu, 1999; Tollenaar and Lee, 2002; 
Tokatlidis and Koutroubas, 2004). By using a large testing area and selecting high-
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yielding hybrids planted at dense stands, breeders selected for hybrids that cope well with 
higher densities and associated stresses (Sangoi et al., 2002). Duvick (1997) and 
Tollenaar and Lee (2002) suggest that these changes in stress tolerance were achieved 
indirectly by selecting hybrids with high yields over a wide range of environments.  
One of the traits associated with increased stress tolerance is the anthesis to 
silking interval (ASI), which is the period of time from the start of pollen shed to when 
silks are first present. The ASI of modern hybrids is less than in older hybrids (Duvick, 
1997; Russel, 1985; Tollenaar, 1991). In addition to a decreased ASI, at higher plant 
densities, newer hybrids produced less barren plants and an increased kernel set 
compared to older hybrids (Duvick et al., 2004; Crosbie, 1982). 
In a series of era hybrid trials, Duvick et al. (2004) showed that trait changes 
resulting in a greater efficiency of grain production have occurred with more modern 
hybrids. Tassel weight and grain protein concentration have decreased, while grain starch 
concentration has increased in modern hybrids. Additionally, modern hybrids have more 
upright leaves, which is advantagous in dense stands because it enables more light 
interception than older hybrids with more horizontal leaves (Duvick et al., 2004). 
Staygreen also increased in modern hybrids versus older ones (Crosbie, 1982; 
Duvick et al., 2004; Russel, 1985). Crosbie (1982) also mentioned that grain fill over a 
longer period of time and an increased rate of grain fill have helped to increase yields.  
Harvest index in the era hybrid trials (Duvick et al., 2004) did not show a clear 
trend when values were averaged over all population densities. However, as stand density 
increased, modern hybrids had a greater harvest index than the older hybrids (Duvick et 
al., 2004).  Looking at data from Russel (1985), it can be determined that the 1960’s 
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hybrids had a lower harvest index than hybrids from the 1970’s and 1980’s when all were 
planted at populations of approximately 51.7 x 10
3
 plants ha
-1
.  
To achieve optimum yields, modern hybrids need to be planted at higher plant 
densities than hybrids from previous eras (Duvick et al., 2004). For the purpose of 
achieving high yields, modern hybrids are population dependent (Tokatlidis and 
Koutroubas, 2004). This means that in order for modern hybrids to realize their potential 
and out-yield older hybrids, they need to produce the same or less grain per plant as older 
hybrids; however, they must produce grain with more plants per unit area than the older 
hybrids. 
Relatively few studies exist on maize dry matter and nutrient accumulation 
throughout the growing season. Studies of this nature define not only the total amount of 
nutrients that maize utilizes in a growing season, but also when the plant accumulates a 
specific nutrient. This is important for determining fertilizer recommendations and 
timing. Research from the last 60 years suggests that dry matter accumulation patterns 
follow a general pattern---a period of quick, exponential growth, followed by a somewhat 
linear trend until late in the reproductive stages when dry matter reaches a maximum 
(Hanway, 1962a; Karlen et al., 1987; Karlen et al., 1988; Kiesselbach, 1950).   
Karlen et al. (1988) found two peaks in the rate of dry matter accumulation. The 
first peak was during late vegetative growth shortly after V12 and the other was during 
the latter part of the reproductive phases during grain fill. Hanway (1962b) observed a 
steady, linear pattern of dry matter accumulation until the later reproductive stages, while 
Karlen et al. (1987) showed the rate of dry matter accumulation and when it peaked was 
not the same during each growing year.  
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Daily peak dry matter accumulation rates in Karlen et al. (1987) ranged from 450 
to 525 kg ha
-1
 day
-1
 at 70 x 10
3
 plants ha
-1
. Hanway (1962a) determined that the rate of 
dry matter accumulation is affected by soil fertility levels. He observed daily 
accumulation rates varying from 250 kg ha
-1
 day
-1
 in an area of high fertility, down to 
approximately 85 kg ha
-1
 day
-1 
at a low fertility level. However, differences in daily 
accumulation rates did not affect the proportion of dry matter partitioned to different 
plant parts (Hanway, 1962a).  
At silking, R1, dry matter content ranged from 37% at 70 x 10
3
 plants ha
-1 
 in 
Karlen et al. (1987) to 58% dry matter accumulation at the 79 x 10
3
 plants ha
-1
 and 
sidedressed 112 kg ha
-1
 of nitrogen treatment in Ciampitti et al. (2013). Karlen et al. 
(1988) and Hanway (1962a) both found about 45% dry matter accumulation at R1. 
Throughout this thesis, these will be the treatments referenced when referring to Hanway 
(1962a; 1962b), Karlen et al. (1987) and Ciampitti et al. (2013), unless noted otherwise.  
Once plants reached silking, there is little additional dry matter accumulation in 
the stalk, tassel or leaves (Hanway, 1962a; Karlen et al., 1988). Then, after silking, both 
Hanway (1962b) and Karlen et al. (1988) show the ear shoots beginning to greatly 
increase in dry matter content until physiological maturity at which time the ear shoots 
contributed approximately 60% of the total dry matter with amounts of 5.8 Mg ha
-1 
and 
12.3 Mg
 
ha
-1
 of dry matter in the stalks, leaves and tassels at this time, respectively. 
The variety of hybrids, environments and management practices caused large 
variances in recorded dry matter and yield levels when looking at the previously 
mentioned studies. Karlen et al. (1987) found that total dry matter accumulation was 23.1 
Mg ha
-1
; however, in the high yielding (19.3 Mg ha
-1
 of grain) study of Karlen et al. 
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(1988), total dry matter accumulation was 31.8 Mg
 
ha
-1
. Hanway (1962a) and Ciampitti et 
al. (2013) both recorded less dry matter accumulation with totals at maturity of 17.3 Mg 
ha
-1
 and 20.0 Mg ha
-1
,
 
respectively. Across both populations and averaged across three 
years, Karlen et al. (1987) observed a grain yield of 12 Mg ha
-1
. Coinciding with the 
decreased dry matter production in Hanway (1962a), grain yield was also less than 
Karlen et al. (1987), yielding approximately 7.2 Mg ha
-1
.  
Karlen et al. (1988) showed two peaks of nitrogen accumulation that occur 
somewhat concurrently with peak dry matter accumulation rates previously mentioned. 
The first during vegetative growth around V12 to V18, when most nitrogen was 
accumulating in the leaves and stalk, compared to the second peak when the nitrogen was 
going straight to the ear shoots during the mid-reproductive stages. By silking, plants 
accumulated 64%, 63% and 60% of the total nitrogen uptake (Hanway, 1962b; Karlen et 
al., 1987; Karlen et al., 1988). Ciampitti et al. (2013) observed a slightly higher amount, 
with 72% of the nitrogen accumulated by R1. At silking, Hanway (1962b) and Karlen et 
al. (1988) showed approximately 55% of the seasonal nitrogen uptake was already found 
in the plant; the majority of it was located in the stalks, leaves and tassels.  
Karlen et al. (1988) observed a net-loss of nitrogen from VT to R1. The amount 
lost was approximately 30 kg ha-
1
, which is 8% of the total nitrogen accumulated at R6. 
They speculated this net-loss could be due to nitrogen volatilization or a feedback 
inhibition, either of which was caused by lack of a sink in the plant at this time. Out of 
the previously discussed articles related to nitrogen uptake, Karlen et al. (1988) were the 
only ones to observe this decline in nitrogen accumulation between VT and R1. 
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Corn phosphorus accumulation in Karlen et al. (1987) and Hanway (1962b) was 
steady through maturity similar to nitrogen. Karlen et al. (1988) showed similar 
phosphorus accumulation patterns, even though total phosphorus uptake was more than 
twice as much as Hanway (1962b). Both Hanway (1962b) and Karlen et al. (1987; 1988) 
found peak phosphorus accumulation rates were during the latter stages of vegetative 
growth before silking. After silking, Karlen et al. (1988) observed a second peak, and a 
resulting linear increase in phosphorus accumulation rates through grain-fill.  
At silking, Hanway (1962b) observed that 50% of the phosphorus was present in 
the plant, and Ciampitti et al. (2013) showed 49% of phosphorus accumulation was 
complete by R1. Karlen et al. (1987; 1988) found 51% and 47%, respectively, of 
phosphorus accumulated at R1. At R6, total phosphorus accumulation ranged from 34 kg 
ha
-1
 in Hanway (1962b), up to 70 kg ha
-1
 in Karlen et al. (1988). Karlen et al. (1987) and 
Ciampitti et al. (2013) observed total phosphorus accumulations of 44 and 49 kg ha
-1
, 
respectively.  
While nitrogen and phosphorus uptake patterns appear somewhat similar, 
potassium does not follow the same pattern of uptake. Potassium accumulation occurs 
rapidly during the early vegetative growth stages and then slows down during the later 
vegetative growth stages (Hanway, 1962b; Karlen et al., 1987; Karlen et al., 1988). 
Karlen et al. (1988) observed a second peak in the rate of potassium uptake during the 
grain-fill stages, but the peak was much less than the second peak associated with 
nitrogen and phosphorus uptake during the equivalent time period of plant growth. 
 By silking, 90%, 122%, 88% and 86% of the potassium found in the plants at R6 
had already accumulated according to Hanway (1962b), Ciampitti et al. (2013), Karlen et 
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al., (1987) and Karlen et al. (1988), respectively. Even though total potassium uptake for 
Karlen et al. (1988) (370 kg ha
-1
) was almost four times greater than Hanway (1962b) (90 
kg ha
-1
), the curve was similar. At silking, the majority of the potassium was located in 
the stalks, leaves and tassel, (Hanway 1962b; Karlen et al., (1988). In the latter 
reproductive stages prior to R6, Hanway (1962b), Karlen et al. (1988) and Ciampitti et al. 
(2013) observed a loss of potassium. Hanway (1962b) suggested that it could be due to 
sampling error rather than an actual loss from the plants. 
The objectives of this thesis are to determine dry matter and nutrient accumulation 
curves from hybrids ranging from the 1960’s to the 2000’s and assess whether any 
changes in accumulation patterns have occurred. We will also determine how dry matter 
and nutrients are partitioned into various plant components throughout the growing 
season, as well as determine removal rates for modern-day hybrids grown under current 
management practices. Some data from this project was used to publish PMR 1009 
(Abendroth et al., 2011). 
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CHAPTER 2: WHOLE PLANT DRY MATTER AND NUTRIENT 
ACCUMULATION 
Authors: Matthew J. Boyer, Roger W. Elmore and Lori J. Abendroth 
Abstract 
How a Corn Plant Develops (Ritchie et al., 1986) was a popular reference for dry 
matter and nutrient accumulation; however, the data it contained was done in the late 
1950’s and was out of date. Defining modern corn dry matter and nutrient accumulation 
patterns is important in determining nutrient removal rates, as well as what development 
stage a specific nutrient is required and at what levels. To quantify changes in dry matter 
and nutrient accumulation between then and now, ten popular hybrids, two from each 
decade from 1960 to 2000, were planted at typical planting densities for each respective 
decade in 2007 and 2008 near Ames, Iowa. Above-ground whole plant samples were 
collected ten times throughout the growing season at V6, V10, V14, VT, R1, R2, R3, R4, 
R5, and R6. At each sample date, above ground dry matter, nitrogen, phosphorus and 
potassium accumulation were determined.  
Total dry matter accumulation was 14.7 and 22.3 Mg ha
-1 for the 1960’s era 
hybrids and the 2000’s era hybrids, respectively. At R6, nitrogen, phosphorus and 
potassium uptake was 214, 40 and 122 kg ha
-1
 for the 2000’s era hybrids and 177, 28 and 
92 kg ha
-1
 in the 1960’s era hybrids. Grain yield was also greater with the 2000’s era 
hybrids than in hybrids from the 1960’s. The results show increased dry matter and 
nutrient accumulation in new hybrids relative to the older hybrids, despite similar 
accumulation patterns. 
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Introduction 
Iowa corn yield from 1960 to 2008 increased 122 kg ha
-1 
yr
-1 
(USDA-NASS, 
2008), yet, maximum yield per plant under non-stress conditions has not increased 
(Duvick et al. 2004; Tollenaar and Lee, 2002). When planted under non-stressful 
conditions created by extremely low stand densities, hybrid differences were not 
attributed to year of hybrid introduction (Duvick, 1997). At low stand densities, 
maximum yield per plant is achieved, indicating that there is not necessarily a 
relationship between high yield per area and high individual plant yield (Duvick et al., 
2004).  
To achieve optimum yields, modern hybrids need to be planted at higher plant 
densities than hybrids from previous eras (Duvick et al., 2004). For the purpose of 
achieving high yields, modern hybrids are population dependent (Tokatlidis and 
Koutroubas, 2004). This means that in order for modern hybrids to realize their potential 
and out-yield older hybrids, they need to produce the same or less grain per plant as older 
hybrids; however, they must produce grain with more plants per unit area than the older 
hybrids. 
Relatively few studies exist on maize dry matter and nutrient accumulation 
throughout the growing season. Studies of this nature define not only the total amount of 
nutrients that maize accumulates in a growing season, but also when the plant requires a 
specific nutrient. This is important for determining fertilizer recommendations and 
timing. Research from the last 60 years suggests that dry matter accumulation patterns 
follow a general pattern---a period of quick, exponential growth, followed by a somewhat 
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linear trend until late in the reproductive stages when dry matter reaches a maximum 
(Hanway, 1962a; Karlen et al., 1987; Karlen et al., 1988; Kiesselbach, 1950).   
Karlen et al. (1988) found two peaks in the rate of dry matter accumulation. The 
first peak was during late vegetative growth shortly after V12, and the other was during 
the latter part of the reproductive phases during grain fill. Hanway (1962b) observed a 
steady, linear pattern of dry matter accumulation until the later reproductive stages, while 
Karlen et al. (1987) show the rate of dry matter accumulation and when it peaked was not 
the same during each growing year. 
Daily peak dry matter accumulation rates in Karlen et al. (1987) ranged from 450 
to 525 kg ha
-1
 day
-1
 at 70 x 10
3
 plants ha
-1
. Hanway (1962a) determined that the rate of 
dry matter accumulation is affected by soil fertility levels. He observed daily 
accumulation rates varying from 250 kg ha
-1
 day
-1
 in an area of high fertility, down to 
approximately 85 kg ha
-1
 day
-1 
at a low fertility level. However, differences in daily 
accumulation rates did not affect the proportion of dry matter partitioned to different 
plant parts (Hanway, 1962a).  
Once plants reached silking, there is little additional dry matter accumulation in 
the stalk, tassel or leaves (Hanway, 1962a; Karlen et al., 1988). At silking, R1 (Ritchie et 
al., 1986), dry matter content was approximately 44% of the total  in the adequate fertility 
plot of Hanway  (1962b) and 58% of the total dry matter accumulation at the 79 x 10
3
 
plants ha
-1
 and side dressed 112 kg ha
-1
 of nitrogen treatment in Ciampitti et al. (2013). 
Karlen et al. (1988) showed approximately 46% of dry matter had accumulated by R1. 
Averaged across the three years of the study and at 70 x 10
3
 plants ha
-1
,
 
Karlen et al. 
(1987) had only 37% of dry matter accumulated at R1.  
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Karlen et al. (1987) found that total dry matter accumulation was 23.1 Mg ha
-1
, 
whereas, dry matter accumulation recorded in Hanway (1962a) was approximately 17.3 
Mg ha
-1
. Ciampitti et al. (2013) recorded approximately 20.0 Mg ha
-1 
of dry matter at 
maturity. Across both populations and averaged across three years, Karlen et al. (1987) 
observed a grain yield of 12 Mg ha
-1
. Coinciding with the decreased dry matter 
production in Hanway (1962a), grain yield was also less than Karlen et al. (1987), 
yielding approximately 7.2 Mg ha
-1
.  
Nitrogen accumulates steadily throughout the growing season, and by silking, 
plants accumulated 64%, 63% and 60% of the total nitrogen according to Hanway 
(1962b), Karlen et al. (1987; 1988). Ciampitti et al. (2013) observed a slightly higher 
amount with72% of the nitrogen accumulated by R1. Karlen et al. (1988) showed two 
peaks of nitrogen accumulation that occur somewhat concurrently with peak dry matter 
accumulation rates. The first during vegetative growth around V12 to V18, when most 
nitrogen was accumulating in the leaves and stalk, compared to the second peak when the 
nitrogen was going straight to the ear shoots during the mid-reproductive stages.  
Karlen et al. (1988) observed a net-loss of nitrogen from VT to R1. They 
speculated this net-loss could be due to nitrogen volatilization or a feedback inhibition, 
either of which was caused by lack of a sink in the plant at this time. Out of the four 
previously discussed articles related to nitrogen uptake, Karlen et al. (1988) were the only 
ones to observe this decline in nitrogen accumulation between VT and R1. 
Corn phosphorus accumulation in Karlen et al. (1987) and Hanway (1962b) was 
steady all the way through maturity, similar to nitrogen. Karlen et al. (1988) showed 
similar phosphorus accumulation patterns, even though the total uptake was more than 
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twice as much as Hanway (1962b). Both Hanway (1962b) and Karlen et al. (1987; 1988) 
found peak phosphorus accumulation rates were during the latter stages of vegetative 
growth before silking. After silking, Karlen et al. (1988) observed a second peak, and a 
resulting linear increase in phosphorus accumulation rates through grain-fill.  
At silking, Hanway (1962b) observed that 50% of the phosphorus was present in 
the plant, similar to Ciampitti et al. (2013) who showed 49% of phosphorus accumulation 
was complete by R1. Karlen et al. (1987; 1988) found 51% and 47% of phosphorus 
accumulated at R1 respectively. At R6, total phosphorus accumulation ranged from 34 kg 
ha
-1
 in Hanway (1962b), up to 70 kg ha
-1
 in Karlen et al. (1988). Karlen et al. (1987) and 
Ciampitti et al. (2013) observed total phosphorus accumulations of 44 and 49 kg ha
-1
 
respectively. 
While nitrogen and phosphorus uptake patterns appear somewhat similar, 
potassium uptake is different. Potassium uptake occurs rapidly during the early vegetative 
growth stages and then tapers off during the later vegetative growth stages (Hanway, 
1962b; Karlen et al. 1987; Karlen et al., 1988). Karlen et al. (1988) observed a second 
peak in the rate of potassium uptake during the grain-fill stages, but the peak was much 
less than the second peak associated with nitrogen and phosphorus uptake during the 
equivalent time period of plant growth. 
 By silking 90%, 122%, 88% and 86% of the potassium found in the plants at R6 
had already accumulated according to Hanway (1962b), Ciampitti et al. (2013) and 
Karlen et al. (1987; 1988) respectively. Even though total potassium uptake for Karlen et 
al. (1988) (370 kg ha
-1
) was almost four times greater than Hanway (1962b) (90 kg ha
-1
), 
the accumulation curve was similar. In the latter reproductive stages prior to R6, Hanway 
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(1962b), Karlen et al. (1988) and Ciampitti et al. (2013) all observed a loss of potassium. 
Hanway (1962b) suggested that it could be due to sampling error rather than an actual 
loss from the plants.   
Objectives 
Extensive study on the dry matter and nutrient accumulation patterns of past and 
present hybrids has not been done recently using modern day hybrids and current 
management practices. Since the late 1950’s when Hanway (1962a; 1962b) collected the 
data for his publications changes in genetics and maize management practices have 
occurred. Even within the last 20 years since Karlen et al. (1987; 1988) conducted their 
research, genetics and management practices have improved greatly.  The purpose of this 
study is to define dry matter and nutrient accumulation curves by looking at hybrids 
grown during the last five decades. From this, we will be able to determine at what 
growth stage dry matter and nutrients are accumulated and determine whether changes in 
maize dry matter, nitrogen, phosphorus and potassium accumulation amounts have 
occurred. Additionally, if changes have occurred, we wanted to be able to better predict 
the nutrient removal rates of high yielding, modern-day hybrids under current 
management practices. 
Materials And Methods 
Overview 
The study consisted of ten Pioneer Hi-bred International hybrids, two from each 
of the following eras: 1960’s, 1970’s, 1980’s, 1990’s and 2000’s. Corn relative maturity 
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ratings (CRM) for the hybrids ranged from 108 to 114 days, which are appropriate for 
central Iowa (Table 1). The hybrids were popular commercial cultivars for their 
respective decade and were planted to achieve a final stand appropriate for the decade in 
which they were popular (Table 1). The hybrids chosen and desired final stands were 
determined from discussions with industry and university representatives (Benson, 
Garren, 2007; Duvick, Don, 2006, personal communications). Actual seeding rates were 
five percent greater than the desired final stand to compensate for an estimated five 
percent seedling mortality. 
Plots were 6.1 m wide (8 rows with a row spacing of 0.76 m) and 16.5 m long 
when all three ranges are included. Alleys were 0.76 m wide at the end of each range; 
thus, the actual rows were only 4.7 m long.  Ten sampling locations within each of the 
plots were randomly selected for each of the sampling dates (Figure 1). Each sampling 
location was bordered on both sides by two rows that were not sampled. Additionally two 
bordered rows were used for mechanically harvested yield data. 
Sampling dates 
Ten sampling dates were chosen to provide an accurate and representative curve 
of accumulated dry matter and nutrient accumulation over the entire growing season. 
Sampling dates were targeted for the following stages: V6, V10, V14, VT, R1, R2, R3, 
R4, R5 and R6 (see Table 2). The R6 sampling date was conducted after all hybrids 
within the trial reached physiological maturity. Vegetative and reproductive staging was 
based on How a Corn Plant Develops (Ritchie et al., 1986). To remain consistent, 
sampling was based on the staging of a single hybrid, 33D11, a modern hybrid with a 
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CRM of 112 days. Typically, all hybrids were very close to the same development stage 
at all sampling dates. To get a precise estimate of the crucial accumulation period around 
VT and R1, sampling dates four and five were split into two sub-sampling dates because 
tasseling and silking occurred on slightly different calendar days. The hybrids sampled on 
the first of the two sub-sampling dates, 4.1 and 5.1, were 3206, 3362, 3618, 34A15 and 
3529. The remaining hybrids were sampled on dates 4.2 and 5.2. 
Dry weight data was calculated by determining the average plant spacing per plot 
and determining the average area that 6 plants occupied for each plot. The resulting area 
was used to calculate dry matter and nutrient accumulation on a per-hectare basis. 
2007 growing season information 
Location information 
The 2007 study was planted on 15 May, three miles west of Ames, Iowa at the 
Iowa State University Bruner research farm. Total precipitation between May 1 and 
October 31, 2007 was 682 mm, compared to the 30 year average of 609 mm. A complete 
weather summary for 2007 is shown in Figure 2. The previous crop in the field was 
soybean. A pre-emergence application of Lumax, 2-chloro-N-(2-ethyl-6-methylphenyl)-
N-[(1S)-2-methoxy-1-methylethyl]acetamide, [S-metolachlor-atrazine-mesotrione] 2-
chloro-4-ethylamino-6-isopropylamino-s-triazine, 2-[4-(methylsulfonyl)-2-nitrobenzoyl]-
1,3-cyclohexanedione, was applied on 7 May and the trial was then field cultivated prior 
to planting. The soil types within the experiment area were Nicollet loam (Fine-loamy, 
mixed, superactive, mesic Aquic Hapludolls), Harps loam (Fine-loamy, mixed, 
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superactive, mesic Typic Calciaquolls) and Canisteo clay loam (Fine-loamy, mixed, 
superactive, calcareous, mesic Typic Endoaquolls).  
Spring 2007 soil tests (Table 3) showed adequate phosphorus (Bray P1 test) and 
potassium (ammonium acetate test) for crop growth (Sawyer et al., 2002). Nitrogen in the 
form of ammonium-nitrate was applied at a hypothesized optimum nitrogen rate of 168 
kg N ha
-1
 (Sawyer, John, 2007, personal communication) by hand 5 June. The average 
growth stage of the plants at application was V3.5. Prior to nitrogen application, a late-
spring soil nitrate test (Table 3) was taken in early June on adjoining plot areas that 
received 0 N to gain insight into the field history and determine whether large amounts of 
residual nitrogen were present. All replications showed minimal amounts of nitrogen 
were present at the time sampling. 
Sampling protocol 
Three consecutive plants located within two adjacent rows (total of 6 plants) were 
clipped at the ground level for each of the sampling dates at one of the ten pre-determined 
randomized sampling locations within each plot. Plants were cut off using a tree pruning 
shears and then placed into bags and removed from the field. 
After collection from the field for development stages V6 and V10, whole plant 
samples were oven-dried at 60° C until the samples reached a point where weight loss 
ceased. At this point, moisture content was assumed to be 0%. Biomass dry weights were 
then recorded. When the plants became too large to easily fit within the bags (V14), they 
were cut into sections about 50 cm long so that all plant parts remained within the bag. 
To calculate nutrient content in the biomass starting at V14, after drying, samples were 
run through a wood chipper and a subsample was collected. Both the whole plant samples 
19 
 
 
(V6-V10) and subsamples (V14-R6) were ground in their entirety in a Wiley mill (Arthur 
H. Thomas Co., Philadelphia, PA) until the sample would pass through a two millimeter 
sieve. These samples were sent to AgSource Harris Laboratories in Lincoln, NE for 
nutrient analysis. On 4 October, two 4.7 m rows not used for biomass sampling were 
mechanically harvested for yield data (Fig. 1). The harvested yield rows were bordered 
on both sides and reported yield was standardized to 15% moisture content. 
2008 growing season information 
Location information 
The 2008 study was located one and a half miles south of Ames, on the Section 
19 Iowa State University research farm. Total precipitation between 1 May and 31 
October, 2008 was 944 mm, compared to the 30 year average of 609 mm. A complete 
2008 weather summary shown is shown in Figure 3. Severe flooding occurred in the 
spring of 2008 that resulted in the loss of a few plots due to unevenness. Nicollet loam 
(Fine-loamy, mixed, superactive, mesic Aquic Hapludolls ), Clarion loam (Fine-loamy, 
mixed, superactive, mesic Typic Hapludolls ) and Canisteo clay loam (Fine-loamy, 
mixed, superactive, calcareous, mesic Typic Endoaquolls) were the soil types within the 
trial location.  
The previous crop on this field was soybean. Spring soil tests, when averaged 
across the four replications, showed the trial location was adequate in potassium 
(ammonium acetate test) and low in phosphorus (Bray P1 test) (Saywer et al., 2002) 
(Table 4). Granular triple super phosphate (0-46-0) was applied on 13 May at a rate of 
190 kg ha
-1
 based on recommendations by Sawyer et al. (2002). Prior to planting on 15 
20 
 
 
May, the trial was field cultivated twice in order to incorporate the dry fertilizer and a 
pre-emergence application of Propel, (S)-2-chloro-N-[(1-methyl-2-methoxy) ethyl]-N-
(2,4-dimethyl-thien-3-yl)-acetamide and atrazine, 2-chloro-4-(ethylamino)-6-
(isopropylamino)-s-triazine and atrazine, 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-
triazine, occurred on 13 May. 
Nitrogen in the form of ammonium-nitrate was applied at a rate of 168 kg N ha
-1
 
by hand on 10 June. The average growth stage of the plants at this time was V3.75. To 
check for residual nitrogen in the field, a late-spring soil nitrate test was conducted on 
plots that had no nitrogen applied within that replicate. The results (Table 4) indicated 
that there was a minimal amount of nitrate-nitrogen in all four replicates. 
Sampling protocol 
In 2008 the first two sample dates were handled the same as they were in 2007. 
However, on the third sampling date, the whole plant samples were collected in bags, 
dried and a dry weight was taken. The entire sample was then processed through a 
modified stationary forage chopper. The outflow of this chopper was uniformly processed 
pieces of biomass roughly two cm in length. A subsample of this was then ran through 
the Wiley mill and sent to AgSource Harris Laboratories in Lincoln, NE for nutrient 
analysis. 
For sample dates four through six, the plants were removed from the field whole 
and then air dried seven to ten days in a ventilated storage building. After air drying the 
plants were processed though the stationary forage chopper and a subsample was taken 
from the resulting chopped biomass. Both the subsample and remaining chopped sample 
were then placed into dryers where they were dried. The combined dry weight for 
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subsample and sample was used for biomass accumulation data in addition to the 
subsample being sent out for nutrient analysis. 
Samples dates seven through ten were also removed from the field as whole 
plants and then allowed to air dry in a storage building for seven to ten days. After air 
drying the ear shoots were separated from the plants because they were unable to fit 
between the rollers of the chopper. After clipping the ear shoots off at the base of the 
shank, they were dried and then weighed. The ear shoots were then processed through a 
wood chipper; a subsample was taken and processed through the Wiley mill so that it 
could be sent out for nutrient analysis. 
 The remaining stalks, leaves etc. after the ear shoots were removed were 
processed though the stationary forage chopper and a subsample was taken from the 
resulting chopped biomass. Both the subsample and remaining chopped sample were then 
placed into dryers where they were dried, until moisture loss ceased and a final dry 
weight was taken. After dry weights were taken the subsample was ground in the Wiley 
mill and sent out for nutrient analysis. The ear shoot fraction and stalk, leaves and tassel 
fraction were summed together to get total dry weight and nutrient accumulation data.  
Hybrids 33D11, 34A15, 3206 and 3618 were used for both dissected (data 
presented in Chapter 3) and whole plant measurements. Their dry weight was calculated 
by summing up the total of their components as it was in 2007. On 31 October, two 4.7 m 
rows not used for biomass sampling were mechanically harvested for yield data. The 
harvested yield rows were bordered on both sides. The harvested yield rows were 
bordered on both sides and reported yield was standardized to 15% moisture content. 
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Weather Data 
The average daily temperature, daily precipitation and the 30 year average from 
1976 to 2006 was accessed via the Iowa Environmental Mesonet. Celcius growing degree 
days, were calculated using a maximum temperature threshold of 30˚C and a minimum 
base temperature of 10˚C. The following formula was used to calculate growing degree 
units; GDD  = { [(daily maximum temp. + daily minimum temp.)/2] – 10} 
Statistical Analysis 
The experimental design for both years was a randomized complete block. There 
were four replications in both years. Year, block(year), era and hybrid(era) were are 
treated as fixed variables. Grain yield, moisture, dry matter and nutrient accumulation 
was analyzed using analysis of variance techniques using the Glimmix procedure in SAS 
(SAS Institute Inc. 2002-2003). Dry matter and nutrient accumulation data were analyzed 
separately for each sampling date due to range of variances across the sampling dates. 
Differences are significant at the p ≤ 0.05, unless otherwise noted.  
Results And Discussion 
Grain yield and moisture 
Grain yield ranged from 8.3 Mg ha
-1
 to 14.1 Mg ha
-1
 in the 1960’s and 2000’s era 
hybrids respectively (Table 5). Grain yield increased linearly at a rate of 138 kg ha
-1 
yr
-1 
(Figure 4) when averaged over the two hybrids from each era. In Iowa from 1960 to 2008 
(USDA-NASS, 2008) state-wide average grain yields increased slightly less at a rate of 
122 kg ha
-1
 yr
-1
.  
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Hanway (1962a) found grain yield of 7.2 Mg ha
-1
, whereas Karlen et al. (1987) 
observed grains grain yield of 12 Mg ha
-1
 when averaged over three years. In Karlen et al. 
(1988), a high yielding study, a grain yield of 19.3 Mg ha
-1
 was observed. From 1960-
1969 Iowa grain yields averaged 5.2 Mg ha
-1
, and between 1980-1989 Iowa grain yields 
averaged 7.2 Mg ha
-1
 (USDA-NASS, 2008). The lower state-wide average yields 
included both high-yield and low-yield acres. The Iowa State University research farms 
where our trials were planted is on the upper end of potential yields in the state of Iowa. 
Furthermore the hybrids included in this trial were the most popular hybrids within each 
respective decade and likely more productive than many of the hybrids included in the 
state-wide average yields. These factors probably lead to the more pronounced yield 
increases we realized over time, in our trials compared to the state wide-average. 
 Our 2000’s era hybrids nearly doubled the grain yield of the earliest era in our 
trial which contained hybrids popular in the 1960’s. Moisture content also varied across 
eras; however, there was no clear trend. Duvick et al. (2004) also saw no temporal 
correlation between grain moisture and the era of a specific hybrid.  
Our results showed the more recent eras had greater harvest indices (Table 5) than 
the older eras when hybrids within each era were grown at the intended historical 
populations. Duvick et al. (2004) working with hybrids from the 1930’s to the 2000’s, 
observed no increase in harvest index when averaged over low, medium and high plant 
densities. However, he reported that when planted at higher plant densities there was a 
trend towards an increased harvest index in the newer hybrids.  
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Dry matter  
At the first sampling date, the V6 development stage, dry matter production 
ranged from approximately 160 kg ha
-1
 for the earliest decade to 260 kg ha
-1
 for the most 
recent decade (Table 6). By R1, dry matter had increased to between approximately 8.1 
Mg ha
-1
 for the earliest decade and 10.5 Mg ha
-1
 for the most recent decade. At R6, dry 
matter had increased to approximately 14.8 Mg ha
-1
 for the 1960’s era and 22.3 Mg ha-1 
for the 2000’s era.  
Dry matter production for all hybrids, except the 2000’s era hybrids, increased 
steadily until R5, when dry matter production nearly ceased (Figure 5). Between R4 and 
R5 the 2000’s era hybrids increased nearly two times the amount of the average of the 
hybrids form the other four eras. The 1959 field research published by Hanway (1962a) 
was done using a double cross hybrid, Iowa 4570, and planted in hills at an approximate 
stand density of 42 x 10
3
 plants ha
-1. When compared to our 1960’s era hybrids Hanway 
(1962b) observed slightly less dry matter at R1, and 2.5 Mg ha
-1
 more dry matter at R6 
(Table 7). When grown at 70,000 plants ha
-1, Karlen et al. (1987) with a 1980’s hybrid 
observed slightly less dry matter accumulation than our 1980’s era hybrids at R1; 
however, their R6 observation is greater than what we observed for hybrids from any era 
(Table 7). Our 2000’s era hybrids total dry matter accumulation, was approximately 2.3 
Mg ha
-1
 more when compared to Ciampitti et al. (2013) (Table 7). 
Dry matter production on a percentage basis steadily increased from V10 until R5 
for all hybrids (Figure 5). Hanway (1962a) and Karlen et al. (1988) reported 44 and 45% 
dry matter accumulation at R1. Karlen et al. (1987) reported only 37% dry matter 
accumulation at the same growth stage whereas Ciampitti et al. (2013) showed 58% of 
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dry matter accumulation. At R1 we observed an average accumulation across all eras of 
48% with 55%, 49%, 48%, 43% and 47% of the total dry mater accumulation in the 
1960’s, 1970’s 1980’s 1990’s and 2000’s era hybrids respectively.  
Nitrogen uptake 
At V6, all hybrids accumulated between 6-10 kg ha
-1
 of nitrogen (Table 8). By 
R1, approximately 140 kg ha
-1
 of nitrogen was found in the 1960’s era hybrids and 155 
kg ha
-1
 of nitrogen was found in the 2000’s era hybrids. The results of our 1960’s and 
2000’s era hybrids at R1, were higher than those of Hanway (1962b) and Ciampitti et al. 
(2013), but our 1980’s era hybrids are less than those of Karlen et al. (1987) (Table 7).  
By sample date ten, R6, the 1960’s era hybrids accumulated 177 kg ha-1 of 
nitrogen and 214 kg ha
-1
 of nitrogen was found in the 2000’s era hybrids. Ciampitti et al. 
(2013) showed approximately 10% less nitrogen accumulation in their study versus our 
2000’s era hybrids (Table 7). Our 1960’s findings were less than Hanway (1962b) while 
Karlen et al. (1987) showed more nitrogen uptake in an early 1980’s hybrid, at 
physiological maturity, than our 1980’s era hybrids, which was also the case when 
comparing dry matter production (Table 7). 
Nitrogen uptake increased steadily from V6, until R4, when accumulation greatly 
slowed or stopped for all eras except for the 2000’s era (Figure 6). The 2000’s era 
continued to steadily accumulate nitrogen until R5, when accumulation peaked. Karlen et 
al. (1988) observed a net loss of nitrogen near the VT to R1 time frame. This differed 
from nitrogen accumulation patterns shown in Hanway (1962b) and Ciampitti et al. 
(2013). 
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In our study from VT to R1 the percentage of total nitrogen accumulation 
increased from 74 to 76% when averaged across all eras. However when looking at eras 
separately, between VT and R1 only three of the five eras increased in nitrogen uptake. 
They were the 1960’s, 1970’s and 2000’s eras. The 1960’s and 2000’s era hybrids, which 
were fractioned into various plants components reported in Chapter 3, increased 
approximately 25 kg ha
-1
 each between VT and R1. The 1970’s era only increased 1 kg 
ha
-1
 of nitrogen. Because of this, a more in-depth look at the dynamics of nitrogen 
accumulation at pollination may be needed in future studies. When looking at the 
increase in terms of nitrogen accumulation at R6, the 2000’s era increased 11 % between 
VT and R1 and the 1960’s increased 14% respectively. 
By V6, 4% of the nitrogen was present when averaged across all eras, and by R1, 
averaged across all eras 76% of the nitrogen had accumulated. Hanway (1962b) and 
Karlen et al. (1987) both observed approximately 65% total nitrogen accumulation by R1, 
while Ciampitti et al. (2013) showed approximately 72%. 
Additionally, our results show that after R5, there was an approximate 9% drop in 
nitrogen when averaged across hybrids from all eras, which could be explained by the 
loss of above ground dry matter due to plant senescence and weather events removing 
leaves and stalk tops from the plant.  
Phosphorus uptake 
Phosphorus uptake differences existed among the eras at each of the ten sampling 
dates (Table 9). Hybrids in the most recent era, the 2000’s, regularly accumulated more 
phosphorus than all other eras, specifically at five of the ten sampling dates. For all 
27 
 
 
sample dates, except sample dates three and seven, the 2000’s era accumulated more 
phosphorus than the 1960’s, 1970s and 1980s era hybrids. 
All of the eras, except for the 2000’s, seem to accumulate phosphorus in the same 
general pattern, with uptake slowing between R4 and R5 whereas, the 2000’s era hybrids 
had a distinct increase in phosphorus, like nitrogen, between R4 and R5 (Figure 7).  At 
V6, approximately 1 kg ha
-1 
of phosphorus was accumulated in hybrids from all eras, and 
by R1 approximately 16 kg ha
-1
 of phosphorus for the 1960’s era hybrids and 21 kg ha-1 
of phosphorus for the 2000’s era hybrids had been accumulated.  
At R6, the 2000 era hybrids contained approximately 40 kg ha
-1
 and hybrids from 
the other four eras contained an average of 27 kg ha
-1 
of phosphorus. This meant that the 
phosphorus uptake of the 2000’s era hybrids was approximately 150% of the phosphorus 
uptake of the hybrids from the remaining eras at physiological maturity.  
At R1 Hanway (1962b) observed similar amounts of phosphorus accumulation to 
the 1960’s era hybrids in our trial, whereas Karlen et al. (1987) observed more than our 
1980’s era hybrids (Table 7). At R6, our 1960’s hybrids closely matched the phosphorus 
accumulation of Hanway (1962b) while our 1980’s era hybrids were less than those of 
Karlen et al. (1987). At maturity our 2000’s era hybrids accumulated slightly less than 
Ciampitti et al. (2013) observed, however R1 accumulation was similar (Table 7). 
At V6 and R1 respectively, 3% and 60% phosphorus was present averaged across 
hybrids from all eras (Figure 7). Phosphorus uptake at R1 in our study accumulated more 
quickly on a percent basis than in either Hanway (1962b), Karlen et al. (1987) or 
Ciampitti et al. (2013).  Hanway (1962b) noted phosphorus accumulation of 50% at R1, 
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while Karlen et al. (1987) reported 46 % which was similar to the 49% Ciampitti et al. 
(2013) observed. 
Potassium uptake 
Across all era hybrids potassium uptake was between was between 5 to 9 kg ha
-1
 
at V6. This increased to 110 kg ha
-1
 of potassium for the 1960’s era hybrids and 129 kg 
ha
-1
 of potassium by R1 for the 2000’s era hybrids. By sample date ten, R6, 92 and 122 
kg ha
-1
 potassium remained in the 1960’s era hybrids and 2000’s era hybrids respectively 
(Table 10). 
Respective to each era, our 1960’s era hybrids for Hanway (1962b) and 1980’s 
era hybrids for Karlen et al. (1987), our results were greater than the results obtained by 
Hanway, (1962b) but half of what Karlen et al. (1987) found at R6 (Table 7). At maturity 
Ciampitti et al. (2013) observed approximately 70 kg ha
-1
 more potassium at R6 than our 
2000’s era hybrids (Table 7). 
Potassium uptake occurred much earlier in the growing season than either 
nitrogen or phosphorus. When looking at an average of hybrids from all eras, by V6, 6% 
of the potassium had accumulated and by R1, 103% of the potassium found in the plant at 
R6 had already been accumulated. However, by R1, potassium uptake slowed and peaked 
until between R4 and R5, during which time hybrids from all eras except for the 1960’s 
accumulated on average, just shy of 15 kg ha
-1 
of potassium (Figure 8). At R5, potassium 
uptake reached a maximum of 124% of the amount present at R6 when averaged across 
hybrids from all eras. However, between R5 and R6 there was an approximate 30 kg ha
-1 
decrease in potassium for hybrids from all eras. This loss of potassium might be able to 
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be explained by leaf loss and potassium leaching from the plant prior to sampling at R6. 
There was a range of approximately 120 to 150 kg ha
-1
 of potassium at R5 and 90 to 120 
kg ha
-1
 of potassium at R6.  
Our percent potassium accumulation (compared to R6) results at R1, like nitrogen 
and phosphorus were higher than the results from Hanway (1962b) and Karlen et al. 
(1987) which had 90% and 88% respectively, but less than Ciampitti et al. (2013) who 
observed 122% potassium accumulation at R1. Additionally, the amount remaining at R6 
was drastically less than what was present in the earlier reproductive growth stages. The 
decline in potassium was also observed by Karlen et al. (1988) and Ciampitti et al. 
(2013). Hanway (1962b) and Karlen et al. (1987) did not observe a decline in potassium. 
The decline in potassium is probably dependent upon how soon after plants reach R6 that 
they are sampled, but the amounts described here are probably typical for commercial 
maize fields due to possible leaching of potassium from senescing leaves still attached to 
the stalk.  
Conclusions 
Hybrids from the most recent era, the 2000’s, produced more dry matter and 
accumulated more nutrients throughout the growing season than hybrids from any of the 
earlier eras in our study. However, generally speaking, on a percent of total basis, there 
were no differences in the pattern of accumulation between the various eras. Essentially 
the more modern hybrids simply accumulate more dry matter and nutrients throughout 
the entire growing season. If there was an exception to this, it might be that the 2000 era 
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hybrids continued to accumulate more dry matter, nitrogen and phosphorus later in the 
growing season, specifically between the R4 and R5 growth stages.   
Dry matter and phosphorus accumulated at a steady rate starting at V10 and 
continuing until R5. Potassium conversely accumulated very rapidly from the first 
sampling date until R2 at which time potassium accumulation greatly slowed and 
eventually decreased at R6. Nitrogen accumulation followed a pattern that was quicker 
than dry matter or phosphorus but not nearly as fast and soon to peak as potassium. 
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Tables 
Table 1. Pioneer Hi-Bred International hybrids representing each era and desired 
final stand. 
Era Desired Final Stand
† 
Hybrid CRM
‡
 
 __plants ha
-1__
  
 
1960 39.5 x 10
3
 
3206 114 
3618 108 
1970 54.3 x 10
3
 
SX19 113 
3529 108 
1980 64.2 x 10
3
 
3377 113 
3362 111 
1990 74.1 x 10
3
 
3394 110 
3489 108 
2000 84.0 x 10
3
 
33D11 112 
34A15 108 
†
Common historical stand respective of each era 
‡
 Corn relative maturity rating from Pioneer Hi-bred International 
 
Table 2. Sample date by growth stage and calendar date. 
Sample date 
Development 
stage Mean GDD 
2007 
Calendar date 
2008 
Calendar date 
1 6
th
 collar 334 15 June 20 June 
2 10
th
 collar 495 29 June 3 July 
3 14
th
 collar 671 11 July 17 July 
  4.1
†
 Tasseling 774 19 July 25 July 
4.2 Tasseling 819 23 July 28 July 
5.1 Silking 819 23 July 28 July 
5.2 Silking 868 26 July 1 August 
6 Blister 955 1 August 8 August 
7 Milk 1073 8 August 15 August 
8 Dough 1138 16 August 21 August 
9 Dent  1312 31 August 9 September 
10 P. M.
‡
 1575 25 September 16 October 
†
Sample dates 4 & 5 were split into two sub-sampling dates because tasseling and  silking 
occurred on slightly different calendar days. 
‡
Physiological Maturity 
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Table 3. Spring 2007 Soil test results. Phosphorus and Potassium values based upon 
a sample depth of 0 to 16.5 cm and NO3 Nitrogen at 0 to 30cm. 
Replicate Phosphorus Potassium Nitrate- Nitrogen pH Organic Matter 
         ___________ppm___________  
__%__ 
1 41 188 16 6.65 4.6 
2 36 206 9 6.60 4.2 
3 38 185 9 6.45 4.1 
4 34 207 6 6.35 4.0 
 
 
Table 4. Spring 2008 Soil test results. Phosphorus and Potassium values based upon 
a sample depth of 0 to 16.5 cm and NO3 Nitrogen at 0 to 30cm. 
Replicate Phosphorus Potassium Nitrate- Nitrogen pH Organic Matter 
         ___________ppm___________  
__%__ 
1 14 123 7 6 4.0 
2 18 171 5 7.35 4.7 
3 12 127 6 6.15 3.7 
4 13 126 6 7.15 4.3 
 
Table 5. Average  2007 and 2008 grain yield, harvest index and moisture content by 
era.  
Era Grain Yield
†
 Harvest Index Moisture Content 
 
__ 
kg ha
-1 __
 
_________ 
% 
_________
 
2000    14,146 a‡  54 a‡   21.9 a‡ 
1990 12,493 b  53 ab 21.6 a 
1980 11,153 c 52 ab 20.6 b 
1970 10,305 d 48 b 21.7 a 
1960 8,332 e 49 ab 21.3 ab 
†
Grain yield adjusted to 15% moisture content 
‡
 Different letters following a mean within a column indicate differences among eras (p≤0.05) 
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Table 6. 2007 and 2008 dry matter uptake averaged over hybrids within eras across 
development stages.  
†
Different letters following a mean within a row indicate differences among eras within development 
stage. (p≤0.05) 
  
Development Stage 1960 1970 1980 1990 2000 
 
___________________
kg ha
-1__________________
 
V6 158 c
†
 183 c 203 bc 236 ab 258 a 
V10 1185 c 1563 b 1456 b 1509 b 1876 a 
V14 4398 c 5224 ab 5105 ab 4988 b 5674 a 
VT 6203 c 7603 b 7555 b 8961 a 8538 a 
R1 8062 c 8881 bc 8967 b 8715 bc 10512 a 
R2 9774 c 11039 b 11323 b 11877 b 13192 a 
R3 11621 c 12583 c 12522 c 13783 b 15134 a 
R4 13398 c 14564 bc 14945 b 15621 ab 16758 a 
R5 16068 c 18071 bc 18483 b 19018 b 22744 a 
R6 14758 d 18188 c 18545 c 20234 b 22330 a 
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Table 7. Comparison of referenced data sets estimated by digitizing graphics if exact 
data was not presented. 
Source Era 
Dev. 
Stage 
Dry Matter 
(Mg ha
-1
) 
Nitrogen 
(kg ha
-1
) 
Phosphorus 
(kg ha
-1
) 
Potassium 
(kg ha
-1
) 
Yield 
(Mg ha
-1
) 
Hanway
†
 (1962a,b) 1960 R1 7.6 130 17 81 7.2 
Boyer (2013) 1960 R1 8.1 140 16 110 8.3 
Karlen et al.
‡
  (1987) 1980 R1 8.5 150 22 266 12.0 
Karlen et al. (1988) 1980 R1 14.3 232 33 318 19.3 
Boyer (2013) 1980 R1 9.0 127 17 100 11.1 
Ciampitti et al.
§
  (2013) 2000 R1 11.5 140 21 229 na 
Boyer (2013) 2000 R1 10.5 155 21 129 14.1 
Hanway
†
  (1962a,b) 1960 R6 17.3 202 34 90 7.2 
Boyer (2013) 1960   R6 14.8 177 28 92 8.3 
Karlen et al.
‡
   (1987) 1980 R6 23.1 239 44 302 12.0 
Karlen et al. (1988) 1980 R6 31.8 386 70 370 19.3 
Boyer (2013) 1980 R6 22.3 162 25 104 11.1 
Ciampitti et al.
§
  (2013) 2000 R6 20.0 195 49 187 na 
Boyer (2013) 2000 R6 22.3 214 40 122 14.1 
†
Data referenced is from the adequate fertility plot (1004) 
‡
Data referenced is an average of three years at 70.0 x 10
3
 plants ha
-1 
§
Data referenced is at 112 kg ha
-1
 side dressed nitrogen rate and 79 x 10
3
 plants ha
-1 
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Table 8. 2007 and 2008 nitrogen uptake averaged over hybrids within eras across 
development stages.  
Development Stage 1960 1970 1980 1990 2000 
 
___________________
kg ha
-1__________________
 
V6 6 c
†
 7 bc 8 ab 8 ab 10 a 
V10 41 c 52 b 51 b 49 b 60 a 
V14 91 ab 99 ab 95 ab 88 b 103 a 
VT 115 b 132 ab 134 ab 148 a 131 ab 
R1 140 ab 133 bc 127 bc 120 c 155 a 
R2 144 b 157 ab 157 ab 159 ab 172 a 
R3 164 b 159 b 154 b 167 ab 187 a 
R4 182 ab 167 b 167 b 177 ab 192 a 
R5 186 b 187 b 183 b 188 b 225 a 
R6 177 b 170 b 162 b 164 b 214 a 
†
Different letters following a mean within a row indicate differences among eras within development 
stage. (p≤0.05) 
 
Table 9. 2007 and 2008 phosphorus uptake averaged over hybrids within eras across 
development stages.  
Development Stage  1960 1970 1980 1990 2000 
 
___________________
kg ha
-1__________________
   
V6 0.6 c
†
 0.8 bc 0.8 bc 0.9 ab 1.1 a 
V10 3.6 c 4.9 b 4.4 b 4.6 b 5.6 a 
V14 9.1 b 11.3 a 10.7 a 10.7 a 11.5 a 
VT 12.7 b 14.5 b 13.2 b 16.3 a 16.8 a 
R1 16.3 b 17.6 b 16.7 b 17.3 b 20.8 a 
R2 19.5 c 21.3 bc 21.5 bc 22.1 b 26.6 a 
R3 21.9 b 24.6 ab 22.7 b 26.5 a 27.2 a 
R4 25.0 bc 25.5 bc 24.5 c 28.0 ab 31.0 a 
R5 27.7 b 29.9 b 27.5 b 29.6 b 38.5 a 
R6 28.3 b 27.2 b 24.7 b 27.3 b 39.7 a 
†
Different letters following a mean within a row indicate differences among eras within development 
stage. (p≤0.05) 
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Table 10. 2007 and 2008 potassium uptake averaged over hybrids within eras across 
development stages.  
Development Date 1960 1970 1980 1990 2000 
 
___________________
kg ha
-1__________________
 
V6 5 c
†
 6 bc 6 bc 8 ab 9 a 
V10 34 c 45 ab 37 bc 37 bc 50 a 
V14 67 b 81 a 67 b 64 b 83 a 
VT 85 c 98 abc 89 bc 104 ab 110 a 
R1 110 bc 122 ab 100 c 94 c 129 a 
R2 109 b 121 ab 118 b 120 ab 137 a 
R3 119 ab 124 ab 112 b 130 ab 136 a 
R4 121 ab 123 ab 118 b 119 b 138 a 
R5 120 b 133 b 131 b 136 ab 153 a 
R6 92 c 106 bc 104 bc 113 ab 122 a 
†
Different letters following a mean within a row indicate differences among eras within development 
stage. (p≤0.05) 
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Figures 
 
Figure 1. Individual plot layout showing an example biomass sampling scheme for 
ten sampling dates. Yield estimates were from rows 2 and 3. 
 
Figure 2. 2007 growing-season weather summary. 
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Figure 3. 2008 growing-season weather summary.  
 
Figure 4. Average 2007 and 2008 grain yield across eras.  
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Figure 5. Average 2007 and 2008 dry matter accumulation averaged over hybrids 
within eras.  
 
  
Figure 6. Average 2007 and 2008 nitrogen uptake averaged over hybrids within 
eras.  
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Figure 7. 2007 and 2008 phosphorus uptake averaged over hybrids within eras.  
 
  
Figure 8. 2007 and 2008 potassium uptake averaged over hybrids within eras. 
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CHAPTER 3: FRACTIONED DRY MATTER AND NUTRIENT 
ACCUMULATION  
Authors: Matthew J. Boyer, Roger W. Elmore and Lori J. Abendroth 
Abstract 
The objectives of this study are to determine where dry matter and nutrients are 
located within the different fractions of a modern corn plant during a growing season and 
determine if differences exist between modern hybrids and hybrids from 1960’s. 
To measure this, two popular hybrids from both the 1960’s and 2000’s, were 
planted at typical planting densities for hybrids from each respective decade in central 
Iowa during the 2007 and 2008 growing seasons. Above ground plant samples were taken 
ten times throughout the growing season at V6, V10, V14, VT, R1, R2, R3, R4, R5 and 
R6, and fractioned into various plant components. At each sample date total plant dry 
matter, nitrogen, phosphorus and potassium accumulation were recorded and analyzed.  
At R6, when averaged across hybrids from both eras, only 34% of the dry matter, 
23% of the nitrogen, 15% of the phosphorus and 51% of the potassium was found in the 
stalks, leaves and tassels. Grain dry matter at R6, was on average 55% of the total dry 
matter for the 2000’s era hybrids and 51% for the 1960’s era hybrids. Percentages of 
nitrogen, phosphorus and potassium found in the grain were 71%, 82% and 34% 
respectively when averaged across hybrids from both eras. The 2000’s era hybrids 
accumulated more dry matter and nutrients than the 1960’s era hybrids in the majority of 
the fractioned plant components. Shanks, husks, cobs and tassels were a few of the 
outliers to the above trend. Additionally both eras accumulated dry matter and nutrients 
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in the various plant fractions in essentially the same pattern throughout the growing 
season.  
Introduction 
Relatively few studies exist on maize dry matter and nutrient accumulation 
throughout the growing season. Studies of this nature define not only the total amount of 
nutrients that maize utilizes in a growing season, but also when the plant requires a 
specific nutrient and where it is being allocated in the plant. This is important for 
determining fertilizer recommendations and timing. Research from the last 60 years 
suggests that dry matter accumulation patterns follow a general pattern: a period of quick, 
exponential growth, followed by a somewhat linear trend until late in the reproductive 
stages when dry matter reaches a maximum (Hanway, 1962a; Karlen et al., 1987; Karlen 
et al., 1988; Kiesselbach, 1950.   
In Hanway (1962a; 1962b) and Karlen et al. (1988) early plant growth showed 
dry matter partitioned into the leaves and then later the stalks. Once plants reached 
silking, R1 (Ritchie et al., 1986), there was little additional dry matter accumulation in 
the stalk, tassel or leaves (Hanway, 1962a; Karlen et al., 1988). At silking, in the 
adequate fertility rotation, dry matter content was 44% of the total according to Hanway 
(1962b). Karlen et al. (1988) found similar results. Ciampitti et al. (2013) found the 
greatest amount of dry matter accumulation at R1, 58%, whereas Karlen et al. (1987) 
found the least at 37%. Hanway (1962a) and Karlen et al. (1988) showed approximately 
5.8 Mg ha
-1 
and 12.3 Mg
 
ha
-1
 of dry matter in the stalks, leaves and tassels at this time. 
After silking, both Hanway (1962b) and Karlen et al. (1988) show dry matter 
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accumulation in the ear shoots to increase until physiology maturity at which time the ear 
shoots contained approximately 60% of the total dry matter.  
In the high-yielding study of Karlen et al. (1988) total dry matter accumulation 
was 31.8 Mg
 
ha
-1
, with a grain yield of 19.3 Mg ha
-1
, whereas the dry matter 
accumulation achieved in Hanway (1962a) was approximately 17.3 Mg ha
-1
. Coinciding 
with the decreased dry matter accumulation in Hanway (1962a), grain yield was also less 
than Karlen et al. (1987) yielding approximately 7.2 Mg ha
-1
. 
During vegetative growth Karlen et al. (1988) and Hanway (1962b) showed most 
nitrogen was accumulating in the leaves and stalk, until after silking when nitrogen was 
beginning to rapidly accumulate in the ear shoots and eventually the grain. At silking 
Hanway (1962b) reported 53% of the total nitrogen uptake at R6, was already present in 
the stalks, leaves and tassels, whereas Karlen et al. (1988) observed 55%. After silking 
translocation of nitrogen from the stalks and leaves to the ear shoots was observed by 
both Hanway (1962b) and Karlen et al. (1988). By physiological maturity, two-thirds of 
the nitrogen in the plant was found in the earshoots of both Hanway (1962b) and Karlen 
et al. (1988), even though the latter accumulated 386 kg ha
-1
 of nitrogen, which is nearly 
double the accumulation of Hanway (1962b) at physiological maturity.  
Additionally, Karlen et al. (1988), unlike Hanway (1962b), observed, a net-loss of 
nitrogen between VT and R1. Karlen et al. (1988) speculated this net-loss could be due to 
nitrogen volatilization or a feedback inhibition either of which was caused by lack of a 
sink in the plant at this time.  
Karlen et al. (1988) showed similar phosphorus accumulation patterns as Hanway 
(1962b), even though the total uptake was more than twice as much as Hanway (1962b). 
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At silking both Hanway (1962b) and Karlen et al. (1988) observed approximately 50% of 
the phosphorus was present in the plant. Additionally Hanway (1962b) and Karlen et al. 
(1988) showed that like nitrogen, after silking phosphorus from the stalks and leaves was 
translocated to the ear shoots. By R6, Hanway (1962b) and Karlen et al. (1988) showed 
approximately 76% and 86% of the phosphorus was found in the ear shoots. Hanway 
(1962b) observed a total phosphorus accumulation of approximately 34 kg ha
-1
, whereas 
Karlen et al. (1988) observed nearly twice that. At R6, total phosphorus accumulation 
ranged from 34 kg ha
-1
 in Hanway (1962b), up to 70 kg ha
-1
 in Karlen et al. (1988).  
While nitrogen and phosphorus uptake patterns appear somewhat similar, 
potassium uptake follows a different pattern. Potassium uptake occurs rapidly during the 
early vegetative growth stages and then tapers off during the later vegetative growth 
stages (Hanway, 1962b; Karlen et al., 1987; Karlen et al., 1988). By silking 90% and 
86% of the potassium uptake had taken place according to Hanway (1962b) and Karlen et 
al. (1988), respectively, of which the majority was located in the stalks, leaves and tassel. 
Even though total potassium uptake for Karlen et al. (1988) (370 kg ha
-1
) was almost four 
times greater than Hanway (1962b) (90 kg ha
-1
), the accumulation curves were similar.  
In the latter reproductive stages prior to R6, both Hanway (1962b), Karlen et al. 
(1988) and Ciampitti et al. (2013) observed a loss of potassium. Hanway (1962b) 
suggested that it could be due to sampling error rather than an actual loss from the plants.  
The figures in Hanway (1962b) and Karlen et al. (1988) show the potassium being lost 
from the leaf fraction of the plant. 
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Objectives 
As maize grows it goes through two different phases of development: vegetative 
and reproductive. Few studies have taken an in-depth look at how dry matter, nitrogen, 
phosphorus and potassium are distributed into different plant parts throughout this 
growing season. Additionally modern hybrids and management practices have drastically 
changed since the 1960’s and 1980’s when the last extensive work was done. Because of 
this we investigated two hybrids from each of the two eras, the 1960’s and 2000’s to 
determine how they partition dry matter and nutrients into various plant components from 
early vegetative development stages until R6, physiological maturity. Knowing where 
plants partition dry matter and nutrients at maturity will allow us to determine removal 
rates based on how much of the plant in removed from the field. 
Materials and Methods 
Overview 
 The study consisted of four Pioneer Hi-Bred International hybrids (Table 1), two 
hybrids from the 1960’s, and two from the 2000’s. Corn relative maturity ratings (CRM) 
for the hybrids ranged from 108 to 114 days which are appropriate for central Iowa 
(Table 1). The hybrids were popular commercial cultivars for their respective decade and 
were selected with the help of Don Duvick (personal communication 2006). Hybrids 
were planted to achieve a final stand appropriate for the decade in which they were 
popular (Table 1). The hybrids chosen and desired final stands were determined from 
discussions with industry and university representatives (Benson, Garren, 2007 and 
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Duvick, Don, 2006, personal communications). Actual seeding rates were five percent 
greater than the desired final stand to compensate for an estimated five percent seedling 
mortality. 
Plots were 6.1 m wide (8 rows at a row spacing of 0.76 m) and three ranges deep 
(each range was 5.5 m) for a total length of 16.5 m (Figure 1). There were 0.76 m wide 
alleys at the end of each range providing only 4.7 m of crop row per range.  Ten sampling 
locations, within each of the plots were randomly selected for each of the sampling dates. 
Each sampling location was bordered on both sides by two rows that were not sampled. 
Plant samples were analyzed for nitrogen, phosphorus and potassium. 
Sampling dates 
Ten sampling dates were chosen to provide an accurate and representative curve 
of accumulated dry matter and nutrient accumulation over the entire growing season. 
Sampling dates were targeted for the following stages: V6, V10, V14, VT, R1, R2, R3, 
R4, R5 and R6 (see Table 2). The R6 sampling date was conducted after all hybrids had 
reached physiological maturity.. Vegetative and reproductive staging was based on How 
a Corn Plant Develops, (Ritchie et al., 1986). To remain consistent, sampling was based 
on the staging of a single hybrid, 33D11, a modern hybrid with a CRM of 112 days. All 
hybrids were very close to the same development stage at all sampling dates. To get a 
precise estimate of the crucial accumulation period around VT and R1, sampling dates 
four and five were split into two sub-sampling dates because tasseling and silking 
occurred on slightly different calendar days. The hybrids sampled on the first of the two 
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sub-sampling dates, 4.1 and 5.1, were 3206, 3618 and 34A15; 33D11 was sampled on the 
later sub-sampling date. 
Plants from the four hybrids were fractioned, and the resulting components were 
analyzed to determine the amount of nutrients and dry matter partitioned to each plant 
component throughout the growing season. Based on work by Hanway (1962a) a 
modified fractioning scheme was developed as follows: V6 and V10: whole plant; V14: 
leaf blades, stalk + sheath, tassel; VT, R1 and R2: leaf blades, stalk + sheath, tassel, ear 
shoots; R3, R4 and R5: leaf blades, stalk + sheath, tassel, shank + husk + cob, grain; R6: 
leaf blades, stalk + sheath, tassel, shank + husk, cob, grain (Figure 2). Tillers were not 
included in the fractioned data. 
Dry weight data was calculated by determining the average plant spacing per plot 
and determining the average area that 6 plants occupied for each plot. The resulting area 
was used to calculate to dry matter and nutrient accumulation on a per hectare basis. 
2007 growing season information 
Location information 
The 2007 study was planted on 15 May three miles west of Ames, IA at the Iowa 
State University Bruner research farm. The previous crop in the field was soybeans. A 
pre-emergence application of Lumax, 2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(1S)-2-
methoxy-1-methylethyl]acetamide, [S-metolachlor-atrazine-mesotrione] 2-chloro-4-
ethylamino-6-isopropylamino-s-triazine, 2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3-
cyclohexanedione, was applied on 7 May and the trial was then field cultivated prior to 
planting. The soil types within the experiment area were Nicollet loam (Fine-loamy, 
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mixed, superactive, mesic Aquic Hapludolls), Harps loam (Fine-loamy, mixed, 
superactive, mesic Typic Calciaquolls) and Canisteo clay loam (Fine-loamy, mixed, 
superactive, calcareous, mesic Typic Endoaquolls).  
Spring 2007 soil tests (Table 3) showed adequate (Bray P1 test) and potassium 
(ammonium acetate test) for crop growth. Nitrogen was applied by hand at V3.5 as a post 
emergence application of ammonium nitrate at a rate of 168 kg N ha
-1
. Prior to nitrogen 
application, a late-spring soil nitrate test (Table 3) was taken in early June on adjoining 
plot areas that received 0 N to gain insight into the field history and determine whether 
large amounts of residual nitrogen were present. All replications showed minimal 
amounts of nitrogen were present at the time sampling. 
Sampling protocol 
Three consecutive plants located within two adjacent rows (total of 6 plants) were 
clipped at the ground level for each of the sampling dates at one of the ten randomized 
sampling locations within each plot. Plants were cut off using tree pruning shears and 
then placed into bags and removed from the field. 
After removal from the field, plant samples were fractioned into the various 
components outlined in the previous experimental procedures (Figure 2). To process an 
individual plant all leaf blades were clipped off where they broke away from the stalk 
using a pruning shears or knife. Tassels were clipped off of the stalk directly below the 
last branch of the tassel. Ear shoots when present were pulled away from the stalk and 
clipped off of their respective stalk nodes using pruning shears. Any ear shoot visible 
above the leaf sheath was counted as an ear shoot and cleaved from the stalk. The 
previously mentioned dissection took place in the field before any artificial drying took 
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place. However, in order to easily dissect the grain and cobs from the remaining shank 
and husk, ear shoots were partially dried at 60° C before further dissection occurred. 
Then all ear shoot components were placed back in the dryers until completely dry. 
After dissection, all samples were oven-dried at 60° C until the samples reached a 
point where weight loss ceased. At this point, moisture content was assumed to be at 0%. 
Biomass dry weights were then collected for all fractioned components.  
After dry weight collection, the samples were ground to obtain a subsample for 
nutrient analysis. To accomplish this, all fractioned samples were ground in their entirety 
in a Wiley mill (Arthur H. Thomas Co., Philadelphia, PA) until the sample would pass 
through a two millimeter sieve. The only exception is that the grain samples were ground 
through a flour mill (The WonderMill Company, Pocatello, ID). After grinding the 
samples were thoroughly mixed and a small subsample was sent to AgSource Harris 
Laboratories in Lincoln, Nebraska for nutrient analysis.   
2008 growing season information 
Location information 
The 2008 study was located one and a half miles south of Ames, on the Section 
19 Iowa State University research farm. Nicollet loam (Fine-loamy, mixed, superactive, 
mesic Aquic Hapludolls ), Clarion loam (Fine-loamy, mixed, superactive, mesic Typic 
Hapludolls ) and Canisteo clay loam (Fine-loamy, mixed, superactive, calcareous, mesic 
Typic Endoaquolls) were the soil types within the trial location. The previous crop on this 
field was soybeans. Spring soil tests (Table 4) showed the trial location was low in 
phosphorus (Bray P1 test). Granular triple super phosphate (0-46-0) was applied on 13 
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May at a rate of 190 kg ha
-1
 based on recommendations by Sawyer et al. (2002). The dry 
fertilizer was applied over the entire study area by a commercial fertilizer buggy. Prior to 
planting on 15 May, the trial was field cultivated twice in order to incorporate the dry 
fertilizer and pre-emergence application of Propel, (S)-2-chloro-N-[(1-methyl-2-
methoxy) ethyl]-N-(2,4-dimethyl-thien-3-yl)-acetamide and atrazine, 2-chloro-4-
(ethylamino)-6-(isopropylamino)-s-triazine, on 13 May. 
Nitrogen was applied by hand on 10 June. The average growth stage of the plants 
at this time was V3.75. To check for residual nitrogen in the field, a late spring soil 
nitrate test was conducted on plots that had no nitrogen applied within that replicate. The 
results (Table 4) indicated that there was a minimal amount of nitrate-nitrogen in all four 
replicates. 
Sampling protocol 
Three consecutive plants located within two adjacent rows were clipped at the 
ground level for each of the sampling dates at one of the ten randomized sampling 
locations within each plot. Plants were cut off using tree pruning shears and then placed 
into bags and removed from the field. After removal from the field, the dissected plant 
samples were processed and dried. Dry weights were recorded exactly like they were in 
2007. 
To accomplish this, all fractioned samples were ground in their entirety in a Wiley 
mill until the sample would pass through a two millimeter sieve. The only exceptions 
were that the grain samples were ground through a flour mill instead of the Wiley mill. In 
2008 after the tassels and cobs passed through the Wiley mill they were then ran through 
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the flour mill before a sample was taken and sent to AgSource Harris Laboratories for 
nutrient analysis. 
Weather Data 
The average daily temperature, daily precipitation and the 30-year average from 
1976 to 2006 were accessed via the Iowa Environmental Mesonet (available at 
http://mesonet.agron.iastate.edu). Celsius growing degree days, were calculated using a 
maximum temperature threshold of 30˚C and a minimum base temperature of 10˚C. The 
following formula was used to calculate growing degree units: GDD  = { [(daily 
maximum temp + daily minimum temp)/2] – 10}. 
Statistical Analysis 
The experimental design for both years was a randomized complete block. There 
were four replications in both years. Year, block (year), era and hybrid(era) were treated 
as fixed variables. Grain yield, moisture, dry matter and nutrient accumulation data were 
analyzed using analysis of variance techniques using the Glimmix procedure in SAS 
(SAS Institute Inc. 2002-2003). Dry matter and nutrient accumulation data were analyzed 
separately for each sampling date due to range of variances across the sampling dates. 
Differences are significant at the p ≤ 0.05, unless otherwise noted. 
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Results And Discussion 
Dry matter 
Both the 1960’s and 2000’s era hybrids accumulated dry matter in essentially the 
same pattern, but the amount of dry matter was greater in the 2000’s era hybrids (Table 
5). When looking across sample dates, the 2000’s era hybrids typically accumulated more 
dry matter in the stalks, leaves and earshoots during VT to R2, as well as the cob and 
grain than the 1960’s era hybrids. Exceptions to the 2000’s accumulating more dry matter 
than the 1960’s are: the shank + husk + cob fraction and the shank + husk fraction where 
both sets of era hybrids had similar dry matter accumulation. Duvick et al. (2004) also 
observed a decrease in tassel size of modern hybrids. While fractioning plants, the 
decrease in shank and husk size was evident when comparing the 1960’s and 2000’s era 
hybrids subjectively. 
Like Hanway (1962a) and Karlen et al. (1988), in our trial, both eras showed a 
steady increase in dry matter until sample date 9, R5, at which point they had nearly 
reached their final dry weight totals of approximately 15.3 Mg ha
-1 for the 1960’s era 
hybrids and 23.2 Mg ha
-1 for the 2000’s era hybrids.  
In our trial, at silking, R1, the 2000’s era hybrids accumulated 6.0 and 3.3 Mg ha-1 
of dry matter in their stalks and leaves, while the 1960’s era hybris accumulated 4.5 and 
2.4 Mg ha
-1
, respectively (Table 5). With tassels added in at silking, the total of stalk, 
leaves and tassels of our 1960’s and 2000’s era hybrids are approximately 7.1 and 9.4 Mg 
ha
-1of dry matter respectively. Our 1960’s era hybrids had more dry matter than the 
approximate 5.8 Mg ha
-1
of dry matter Hanway (1962b) observed in the adequate fertility 
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treatment, while our 2000’s era hybrids are approximately only 76% of what Karlen et al. 
(1988) observed in their high-yielding trial. In the later reproductive stages, 
approximately R3, hybrids from both the 1960’s and 2000’s eras showed a decline in 
stalk and leaf dry matter.  
As expected, after silking, dry matter began to steadily accumulate in the ear 
shoot fraction of the plant and ultimately in the grain. Hybrids from both eras 
accumulated dry matter in the grain fraction at almost the exact same pace, which was 
approximately 20%, 40% and 85% of the total grain dry matter being present by R3, R4 
and R5, respectively. The 1960’s hybrids accumulated 7.9 Mg ha-1 of dry matter in the 
grain fraction, whereas the 2000’s era hybrids accumulated 12.6 Mg ha-1. Karlen et al. 
(1988) and Hanway (1962a) show total grain accumulations of 19.3 Mg ha
-1
 and 
approximately 7.2 Mg ha
-1
, respectively. 
Nitrogen uptake 
Total nitrogen content at maturity was 214 kg ha
-1
 and 177 kg ha
-1
 in the 2000’s 
and 1960’s era hybrids, respectively (Table 6). By silking, our 1960’s era hybrids had 
122 kg ha
-1
 in the stalks, leaves and tassels while Hanway (1962b) observed 
approximately 15%  less nitrogen accumulation in the same components. In our study, 
hybrids from the 2000’s era accumulated 134 kg ha-1 of nitrogen in the stalks, leaves and 
tassel at silking, R1, whereas Karlen et al. (1988) had approximately 211 kg ha
-1
, nearly 
one-and-a-half times what we observed at the time of silking.  
The 2000’s era hybrids had the same amount of nitrogen in the stalks as the 
1960’s era hybrids at all development stages, except for R4, during which the older 
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hybrids had more nitrogen. However, the 2000’s era hybrids had more nitrogen in the 
leaves at all development stages. Between V14 and R5 the 2000’s era hybrids had 
approximately 20 kg ha
-1
 more nitrogen in the leaves than the 1960’s era hybrids. 
Additionally, the stalks, the tassels, the shank + husk + cob fraction and the shank + husk 
fraction typically had either similar amounts or less accumulation in the 2000’s era 
hybrids than the 1960’s era hybrids. 
Between VT and R1 both the 1960’s and 2000’s era hybrids continued to 
accumulate nitrogen. This contrasted with the nitrogen loss that Karlen et al. (1988) 
observed during the same time period. However, like Hanway (1962b) and Karlen et al. 
(1988), we observed a decline in nitrogen found in the stalks, leaves and tassels shortly 
after silking. Presumably, this was the nitrogen translocating into the developing ear 
shoots. The decline in nitrogen found in the stalks, leaves and tassels was more 
pronounced and started sooner after silking than the decline in dry matter previously 
discussed. 
At physiological maturity, R6, the 2000’s era hybrids contained 155 kg ha-1 of 
nitrogen in the grain, whereas, the 1960’s era hybrids contained only 127 kg ha-1 of 
nitrogen. Our 1960 era hybrid results were nearly identical to the nitrogen found in the 
grain at maturity in Hanway (1962b).  Karlen et al. (1988) does not explicitly state how 
much nitrogen was in the grain versus the ear shoots, but by assuming minimal nitrogen 
was found in the husks, shank and cob, we can infer that they observed significantly more 
nitrogen in the grain than what our 2000’s era hybrids accumulated. 
 Like dry matter, both sets of era hybrids accumulated nitrogen in the grain at 
almost the exact same percentage of total. At development stages R3, R4 and R5, the 
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nitrogen accumulation in the grain averaged across both sets of era hybrids was 27%, 
46% and 83%, respectively, of the amount at R6.  
Phosphorus uptake 
Unlike nitrogen, there was more phosphorus in the stalks of the 2000’s era 
hybrids versus the 1960’s until R3 (sampling date 7) and more phosphorus in the leaves 
of the 2000’s era hybrids than in the 1960’s at all sample dates (Table 7). Total 
phosphorus accumulation in the 1960’s and 2000’s era hybrids was approximately 29 and 
40 kg ha
-1, respectively. At silking, the 2000’s era hybrids had 17 kg ha-1 of phosphorus 
in the stalks, leaves and tassels compared to 28 kg ha
-1
 in Karlen et al. (1988). Our 1960’s 
era hybrids had 14 kg ha
-1
 of phosphorus at the same time, compared to approximately 12 
kg ha
-1
 of phosphorus in Hanway (1962b). After R2, like Karlen et al. (1988) and 
Hanway (1962b), we observed a decrease in the stalk, leaf and tassel phosphorus. 
The tassels, the shank + husk + cob fraction, the shank + husk fraction and cob 
fraction did not follow the general observation that the 2000’s era hybrids accumulated 
more phosphorus in their various components than the 1960’s era hybrids. 
Total phosphorus content in the grain was approximately 33 and 23 kg ha
-1
 of 
phosphorus for the 2000’s and 1960’s era hybrids, respectively. Again, like dry matter 
and nitrogen, hybrids from both eras accumulated phosphorus in the grain at 
approximately the same rate, with approximately 19%, 41% and 82% at development 
stages R3, R4 and R5, respectively, compared to R6. Hanway (1962b) reported 
approximately 75% of the phosphorus in the plant was found in the grain at physiological 
maturity, whereas ours showed 82% when averaged across the 1960’s and 2000’s era 
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hybrids. Karlen et al. (1988) noted similar results of 85% of the total phosphorus present 
at R6 being located within the grain. 
Potassium uptake 
Potassium uptake was faster than either that of nitrogen or phosphorus, with both 
eras having most of the potassium already in the plant by silking. In our study, potassium 
accumulation at most development stages was similar for both the 1960’s and 2000’s era 
hybrids in regards to stalks (Table 8). However, when looking at leaves, the 2000’s era 
hybrids always contained more potassium than the 1960’s era hybrids. At silking, the 
2000’s era hybrids had accumulated 114 kg ha-1 of potassium in the stalk, leaves and 
tassel; at the same time, the 1960’s had accumulated 96 kg ha-1 of potassium. Karlen et 
al. (1988) observed approximately 300 kg ha
-1
 and Hanway (1962b) observed 
approximately 64 kg ha
-1
 of potassium in the stalks, leaves and tassels at silking.  
When looking at potassium accumulation in the fractioned plant parts, the stalks 
between R1 to R5, the tassels, the shank + husk + cob fraction and the shank + husk 
fraction had either less or equal potassium accumulation in the 2000’s era hybrids versus 
the 1960’s era hybrids. 
Although not as drastic as nitrogen or phosphorus, potassium decreased in the 
stalk, leaves and tassels starting around R2. However, we found that at R6, physiological 
maturity, for both eras, about one-third of the total potassium still remaining in the plant 
was found in the grain, compared to nitrogen and phosphorus where much larger 
percentages of each nutrient was found in the grain. Hanway (1962b) and Karlen et al. 
(1988) also showed that the grain fraction of the plant does not contain large amounts of 
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potassium compared to the rest of the plant, ranging from 26% to 19% respectively.  
Analogous to the observed dry matter, nitrogen and phosphorus accumulation, potassium 
accumulation in the grain was nearly identical for both eras, with an average of 34%, 
64% and 88% present at R3, R4 and R5, respectively. 
Conclusions 
 When grown at their historical plant populations, modern hybrids accumulated 
more dry matter, nitrogen, and phosphorus in almost all fractioned plant parts than 
hybrids from the 1960’s. However, both sets of hybrids accumulated dry matter and 
nutrients in essentially the same pattern, specifically in the grain from R3 to R6. 
Typically, the exceptions to the greater dry matter or nutrient accumulation in the 
2000 hybrids occurred in the tassels, shank + husk and shank + husk + cob. When 
comparing maximum stalk and leaf dry matter accumulation levels, the 2000’s era 
hybrids had only 133% and 138% of the 1960’s era hybrids, respectively, but they 
accumulated nearly 160% of the grain dry matter of the 1960’s era hybrids, suggesting 
they are more efficient at producing grain than the older hybrids in our study. 
At R6, most of the dry matter, nitrogen and phosphorus were found in the grain, 
with percentages averaged across era hybrids being 53%, 71% and 82%, respectively. At 
R6, the majority of the potassium was not found in the grain, but rather in the stalks. 
When averaged over both eras 40% of the potassium was found in the stalks and 
approximately 34% was found in the grain. 
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Tables 
Table 1. Hybrids within each decade and desired final stand. 
Era 
Desired final stand
† 
plants ha
-1
 Hybrid‡ CRM§ 
1960 39.5 x 10
3
 
3206 114 
3618 108 
2000 84.0 x 10
3
 
33D11 112 
34A15 108 
†
Common historical stand respective of each era 
‡
 Pioneer Hi-Bred International
 
§
Corn relative maturity rating 
 
Table 2. Sampling date by development stage and calendar date. 
Sample 
date 
Development 
stage 
Description of 
stage  
Mean 
GDD 
2007 
Calendar 
date 
2008 
Calendar 
date 1 V6 6
th
 collar 334 15 June 20 June 
2 V10 10
th
 collar 495 29 June 3 July 
3 V14 14
th
 collar 671 11 July 17 July 
  4.1
†
 VT Tasseling 774 19 July 25 July 
  4.2
†
 VT Tasseling 819 23 July 28 July 
  5.1
†
 R1 Silking 819 23 July 28 July 
  5.2
†
 R1 Silking 868 26 July 1 August 
6 R2 Blister 955 1 August 8 August 
7 R3 Milk 1073 8 August 15 August 
8 R4 Dough 1138 16 August 21 August 
9 R5 Dent  1312 31 August 9 September 
10 R6 P. M.
‡
 1575 25 
September 
16 October 
†
Sample dates 4 & 5 were split into two sub-sampling dates because tasseling and  silking 
occurred on slightly different calendar days. 
‡
Physiological Maturity 
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Table 3. Spring 2007 Soil test results from a depth of 16.5 cm. 
Replicate Phosphorus Potassium Nitrate- Nitrogen
†
 pH Organic Matter 
         ___________ppm___________  
__%__ 
1 41 188 16 6.65 4.6 
2 36 206 9 6.60 4.2 
3 38 185 9 6.45 4.1 
4 34 207 6 6.35 4.0 
 
†
Sample taken from a depth of 30.5cm 
 
Table 4. Spring 2008 Soil test results from a depth of 16.5 cm. 
 
 
 
 
 
 
†
Sample taken from a depth of 30.5cm 
 
  
Replicate Phosphorus Potassium Nitrate- Nitrogen
†
 pH Organic Matter 
         ___________ppm___________  
__%__ 
1 14 123 7 6 4.0 
2 18 171 5 7.35 4.7 
3 12 127 6 6.15 3.7 
4 13 126 6 7.15 4.3 
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Table 5. Average 2007 and 2008 fractioned dry matter uptake of 2000’s and 1960’s 
era hybrids across development stages.  
Development 
Stage 
Whole 
Plant 
Stalks Leaves Tassels 
Ear 
shoots 
Shank, 
Husk, 
Cob 
Grain 
Shank, 
Husk 
Cob 
 
_______________________
2000’s Era Hybrids kg ha-
1______________________
 
V6 259a - - - - - - - - 
V10 1890a - - - - - - - - 
V14 - 2849a 2732a 128a - - - - - 
VT - 4942a 2942a 217b 519a - - - - 
R1 - 6004a 3288a 171b 1023a - -   
R2 - 6293a 3180a 135b 3663a - - - - 
R3 - 6072a 3216a 144b - 3026a 2633a - - 
R4 - 5671a 3117a 122b - 2920a 5224a - - 
R5 - 5601a 3445a 111b - 3000a 10669a - - 
R6 - 5383a 2509a 58a - - 12636a 920a 1649a 
 
_______________________
1960’s Era Hybrids kg ha-
1______________________
 
V6 158b - - - - - - - - 
V10 1188b - - - - - - - - 
V14 - 2250b 1775b 161a - - - - - 
VT - 3431b 1799b 292a 376b - - - - 
R1 - 4451b 2376b 314a 712b - -   
R2 - 4482b 2076b 191a 2526b - - - - 
R3 - 4728b 2075b 180a - 2851a 1423b - - 
R4 - 4554b 2146b 175a - 2870a 3273b - - 
R5 - 4285b 2155b 138a - 2697a 6670b - - 
R6 - 3885b 1273b 75a - - 7863b 971a 1274b 
†Different letters following a mean indicate differences between 1960’s and 2000’s eras for that plant 
fraction at that development stage. (p≤0.05) 
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Table 6. Average 2007 and 2008 fractioned nitrogen uptake of 2000’s and 1960’s era 
hybrids across development stages. 
Development 
Stage 
Whole 
Plant Stalks Leaves Tassels 
Ear 
shoots 
Shank, 
Husk, 
Cob 
Grain 
Shank, 
Husk 
Cob 
 
_____________________
2000’s Era hybrids (kg ha-1)
______________________
 
V6 9.6a - - - - - - - - 
V10 59.9a - - - - - - - - 
V14 - 29.0a 70.7a 3.6b - - - - - 
VT - 36.9a 78.7a 5.1b 11.4a - - - - 
R1 - 41.8a 89.1a 3.0b 19.9a - -   
R2 - 30.3a 87.2a 1.4b 52.0a - - - - 
R3 - 27.7a 85.8a 1.3b - 26.6a 43.3a - - 
R4 - 24.4b 77.9a 1.0b - 17.3b 70.3a - - 
R5 - 21.2a 61.7a 0.8b - 13.2a 129.0a - - 
R6 - 22.5a 27.0a 0.3b - - 155.2a 5.3a 5.7a 
 
_____________________
1960’s Era hybrids (kg ha-1)
______________________
 
V6 6.3b - - - - - - - - 
V10 40.9b - - - - - - - - 
V14 - 27.9a 52.8b 5.1a - - - - - 
VT - 33.3a 55.7b 7.7a 8.9b - - - - 
R1 - 41.1a 73.5b 7.0a 14.6b - -   
R2 - 31.1a 62.2b 2.5a 39.8b - - - - 
R3 - 31.4a 62.4b 2.3a - 31.0a 31.7b - - 
R4 - 29.6a 63.5b 2.1a - 21.5a 58.3b - - 
R5 - 21.3a 43.2b 1.4a - 13.7a 104.9b - - 
R6 - 22.5a 18.5b 0.6a - - 126.5b 6.1a 4.5b 
†Different letters following a mean indicate differences between 1960’s and 2000’s eras for that plant 
fraction at that development stage. (p≤0.05) 
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Table 7. Average 2007 and 2008 fractioned phosphorus uptake of 2000’s and 1960’s 
era hybrids across development stages. 
Development 
Stage 
Whole 
Plant Stalks Leaves Tassels 
Ear 
shoots 
Shank, 
Husk, 
Cob 
Grain 
Shank, 
Husk 
Cob 
 
_____________________
2000’s Era hybrids (kg ha-1)
______________________
 
V6 1.1a - - - - - - - - 
V10 5.6a - - - - - - - - 
V14 - 4.2a 6.8a 0.6a - - - - - 
VT - 6.9a 7.5a 0.8b 1.7a - - - - 
R1 - 8.0a 8.9a 0.5b 3.3a - -   
R2 - 8.4a 8.4a 0.2b 9.5a - - - - 
R3 - 6.4a 7.6a 0.2b - 5.6a 7.1a - - 
R4 - 4.8a 7.5a 0.1b - 4.2b 14.1a - - 
R5 - 2.9a 5.7a 0.1b - 2.1a 27.6a - - 
R6 - 2.8a 2.5a 0.0b - - 33.4a 0.5b 0.4a 
 
_____________________
1960’s Era hybrids (kg ha-1)
______________________
 
V6 0.6b - - - - - - - - 
V10 3.7b - - - - - - - - 
V14 - 3.4b 4.5b 0.7a - - - - - 
VT - 4.7b 4.9b 1.0a 1.3b - - - - 
R1 - 5.9b 6.6b 1.0a 2.4b - -   
R2 - 5.8b 5.9b 0.3a 6.5b - - - - 
R3 - 5.5a 5.4b 0.3a - 6.1a 3.9b - - 
R4 - 4.3a 5.5b 0.3a - 5.2a 9.0b - - 
R5 - 2.9a 4.0b 0.2a - 2.4a 18.1b - - 
R6 - 2.8a 1.9b 0.1a - - 22.6b 0.7a 0.4a 
†
Different letters following a mean indicate differences between 1960’s and 2000’s eras for that plant 
fraction at that development stage. (p≤0.05) 
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Table 8. Average 2007 and 2008 fractioned potassium uptake of 2000’s and 1960’s 
era hybrids across development stages. 
Development 
Stage 
Whole 
Plant Stalks Leaves Tassels 
Ear 
shoots 
Shank, 
Husk, 
Cob 
Grain 
Shank, 
Husk 
Cob 
 
_____________________
2000’s Era hybrids (kg ha-1)
______________________
 
V6 8.7a - - - - - - - - 
V10 51.1a - - - - - - - - 
V14 - 39.4a 42.2a 2.0a - - - - - 
VT - 52.9a 48.3a 2.4b 8.0a - - - - 
R1 - 57.8a 54.5a 1.7b 14.0a - -   
R2 - 52.3a 49.5a 1.1b 34.1a - - - - 
R3 - 44.7a 48.9a 1.2b - 24.1a 16.4a - - 
R4 - 42.0a 44.7a 1.1b - 23.6a 26.4a - - 
R5 - 48.9a 41.4a 0.4b - 22.5a 40.0a - - 
R6 - 48.8a 16.1a 0.1a - - 45.5a 6.9b 9.4a 
 
_____________________
1960’s Era hybrids (kg ha-1)
______________________
 
V6 5.2b - - - - - - - - 
V10 33.6b - - - - - - - - 
V14 - 32.7b 27.8b 2.6a - - - - - 
VT - 41.5b 28.5b 3.5a 5.4b - - - - 
R1 - 53.7a 38.6b 3.7a 10.0b - -   
R2 - 45.0a 31.9b 2.1a 23.5b - - - - 
R3 - 46.8a 30.5b 1.9a - 24.7a 9.5b - - 
R4 - 42.3a 30.1b 2.0a - 24.5a 18.2b - - 
R5 - 45.5a 25.4b 0.7a - 21.6a 26.1b - - 
R6 - 40.6b 7.1b 0.2a - - 30.0b 10.0a 7.8b 
†
Different letters following a mean indicate differences between 1960’s and 2000’s eras for that plant 
fraction at that development stage. (p≤0.05) 
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Figures 
 
Figure 1. Individual plot layout showing an example biomass sampling scheme for 
ten sampling dates. Yield estimates were from rows 2 and 3. 
 
Figure 2. Dissection scheme progression throughout development stages. 
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CHAPTER 4: GENERAL CONCLUSIONS 
In our study, the modern-day hybrids yielded significantly more grain per unit 
area than their predecessors, with the 1960’s, 1970’s, 1980’s, 1990’s and 2000’s era 
hybrids yielding 8.3, 10.3, 11.1, 12.5 and 14.1 Mg ha
-1
, respectively. The probable cause 
of the increased grain yield has come from advancements in genetics and management 
practices (Duvick et al., 2004; 2005; Tollenar and Lee, 2002). Ultimately, modern-day 
hybrids are better able to cope with both environmental stress and stresses associated 
with more plants per unit area (Duvick, 1997; Tollenaar and Wu, 1999; Tellenaar and 
Lee, 2002; Tokatlidis and Koutroubas, 2004).  
Similar to increased grain yield, the more recent hybrids accumulated more dry 
matter, nitrogen, phosphorus and potassium than the older hybrids throughout the entire 
growing season. However, the accumulation patterns on a percent of total basis were 
essentially the same for all sets of era hybrids. Only the relative amount changed between 
eras. One possible exception was between R4 and R5 when the 2000’s era hybrids 
accumulated more dry matter, nitrogen and phosphorus than the other eras. 
Additionally, on a fractioned basis, the 2000’s era hybrids accumulated more dry 
matter and nutrients in most of the fractioned plant parts. During the early reproductive 
stages most of the dry matter and nutrients were found in the stalk, leaves and tassel 
fraction of the plants for both eras. It was after this, around R2 to R3, where differences 
exist not necessarily among the different era’s, but among dry matter, nitrogen, 
phosphorus and potassium uptake averaged across eras, that variations start to exist. 
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Most of the early nitrogen and phosphorus found within the stalk, leaf and tassel 
fraction of the plant eventually translocated to the grain, where approximately 70% and 
80% of the final nitrogen and phosphorus accumulation was found for both eras. Most 
(approximately 53% for both eras) of the dry matter at R6 was also found in the grain, but 
the decline of dry matter, starting around R1, found in the stalk, leaf and tassel fraction 
was much less than that of nitrogen or phosphorus. Potassium in the stalk, leaf and tassel 
fraction at R6, like the other nutrients, was less than at R1. However it appears that most 
of the potassium that was lost from the plant comes from the leaves and is not 
translocated to the grain, since only approximately 34% of the potassium at R6 was found 
in the grain fraction of both eras. Additionally the percentage of dry matter and nutrient 
accumulation in the grain was very similar for both sets of era hybrids between the R3 to 
R5 development stages. 
The results of this study indicate that while dry matter and nutrient accumulation 
patterns in relation to development stage have remained similar over the eras studied, the 
actual amounts of dry matter, nitrogen, phosphorus and potassium accumulated has 
significantly increased in modern-day hybrids. Because of this, nutrient removal rates are 
greater today than they were in the past and will probably continue to increase as grain 
yield increases. Additionally, the fractioned data will be useful for determining nutrient 
removal rates when different plant components are removed from the field other than the 
whole plant or the grain.  
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